Aluminium sulphide (Al 2 S 3 ) is predicted to effectively destabilize sodium aluminium hydride (NaAlH 4 ) in a single-step endothermic hydrogen release reaction. The experimental results show unexpectedly complex desorption processes and a range of new sulphur containing hydrogen storage materials have been observed. The NaAlH 4 -Al 2 S 3 system releases a total of 4.9 wt.% of H 2 that begins below 100 o C without the need for a catalyst. drive the absorption process at the high temperatures required for reasonable absorption kinetics. The large number of new phases discovered in this system suggests that destabilization of complex hydrides with metal sulphides is a novel but unexplored research avenue for hydrogen storage materials.
Introduction
Hydrogen is considered to be a key future energy carrier 1 but its 20 safe, compact and efficient storage are one of the key barriers to its widespread use. Hydrogen can be stored in the solid state using complex metal hydrides where the hydrogen is covalently bonded in complex anions such as AlH 4 . 25 Of the class of complex metal hydrides known as complex Aluminium hydrides, or alanates, NaAlH 4 is the most studied [2] [3] [4] and has a theoretical hydrogen storage capacity of 7.5 wt.% that is released via three reactions: 30 3NaAlH 4 → Na 3 AlH 6 + 2Al + 3H 2 Reaction 1 Na 3 AlH 6 → 3NaH + Al + 3/2H 2 Reaction 2 NaH → Na + 1/2H 2 Reaction 3
Reaction 1 and 2 can occur below 150 o C (with the aid of a 35 catalyst) but Reaction 3 requires more than 400 o C and is not of practical use. As a result, not all of the hydrogen contained within NaAlH 4 can be readily released and the useable hydrogen capacity is limited to the first two steps (5.6 wt.% H 2 ). To make Reaction 1 and 2 reversible requires the addition of a catalytic 40 phase 3, 5 that aids in the distortion of Al-H bonds at the NaAlH 4 interface. 5 For example, the use of TiCl 3 as a catalyst also results in an irreversible reaction with the NaAlH 4 in a metathesis reaction: 6 3NaAlH 4 + TiCl 3 → 3NaCl + xAl + Al 3-x Ti + 6H 2 Reaction 4 45 The end result is that the practical capacity of NaAlH 4 is typically reduced to the range of 3.0 -4.5 wt.%. 7, 8 The major drawbacks of alanates are: (1) that they release hydrogen in multiple desorption events (a disadvantage in 50 engineering applications); (2) that not all the hydrogen can easily be released and (3) that the addition of catalysts reduces the practical hydrogen capacity. A potential clue to an alternative approach to improve the hydrogen storage properties of complex metal hydrides is in the 55 reaction of TiCl 3 with NaAlH 4 (Reaction 4). Though the reaction is exothermic and irreversible, when TiCl 3 is added in stoichiometric quantities, it does release all of the hydrogen in NaAlH 4 . Finding a similar reaction that releases all of the hydrogen in an endothermic process would mean that the 60 hydrogen release is potentially reversible. Alapati et al. 9 used Density Functional Theory to screen for reversible hydrogen storage reactions based on all possible known combinations of 13 selected light elements and first row transition metals. In a similar approach we have used the 65 thermodynamic data 10, 11 and HSC software 12 to explore the enthalpy of reaction between NaAlH 4 and a range of metal oxides, metal halides and metal sulphides in an attempt to find a suitable reaction that releases all of the hydrogen in a single endothermic step while maintaining high hydrogen content. 70 These calculations suggested that NaAlH 4 mixed with Al 2 S 3 could achieve the desired effect as shown in Reaction 5 ( Figure  1 ): 6NaAlH 4 + Al 2 S 3 → 3Na 2 S + 8Al + 12H 2 Reaction 5 ). While the weight of a hydrogen tank for mobile applications is important, the volume the tank takes up within a passenger vehicle is also critical. By storing hydrogen at an increased density, there is also a flow-on engineering benefit of 15 reduced volume, weight and, hence, cost of the tank needed for storage. 13 It should be noted that the theoretical enthalpy of Reaction 5 is 18.8 kJ/mol H 2 . This value is slightly too low for practical applications as it translates to an H 2 equilibrium pressure of ~1515 bar (fugacity of 3280 bar) at 100 o C. 20 There are two important limitations associated with this predictive method. The first is that it cannot predict the true reaction if the reaction involves a previously unknown compound for which the thermodynamic properties are not known. Secondly, this method gives no information about the kinetics of 25 reactions. Therefore, it may predict a reaction that is not observed experimentally due to kinetic limitations. 9 Examination of the literature on sulphur-hydrogen compounds reveals a rich history of research into thiols (hydrocarbonsulphur -hydrogen compounds) and thiolates (metal -sulphur -30 hydrogen compounds) with the main focus being on catalysis, surface passivation and the fundamentals of self-assembled monolayer formation. These systems show that under the right conditions metal -sulphur -hydrogen systems can reversibly release hydrogen without the need for catalysts. measurements were prepared using a PQ-N04 planetary mill (Across International) using a stainless steel vial (100 mL) and stainless steel balls (diameter: 10 mm). NaAlH 4 and Al 2 S 3 (6:1, 1g) were also cryogenically milled at 77 K using a Spex 6850 freezer mill using a 2 minute milling, 1 minute cooling cycle for a 65 total of 30 minutes of milling. The milling rod speed was set at 10 impacts per second per side. The high impact rate results in high energy milling while the cryogenic conditions prevents decomposition of the sample that can result from high energy ambient milling.
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Other than potential contamination from the milling media, no catalysts were added to the system. All further references to the NaAlH 4 -Al 2 S 3 and NaH-Al 2 S 3 systems are for those mixed in a 6:1 molar ratio.
Characterisation

75
In-situ SR-XRD data (λ = 0. argon filled glovebox using a specially designed sample holder. 16 The in-situ SR-XRD measurements were performed for NaAlH 4 ─Al 2 S 3 and NaH─Al 2 S 3 heated from room temperature (RT) to 500 °C ( 17 This method substitutes a crystal structure for a set of peaks (or a Le Bail fit) associated 100 with an unknown phase that may be scaled in unison similar to the set of structure factors derived from a crystal structure. Once the PONKCS phase is calibrated with an internal standard, it can be used for quantitative phase analysis. Rietveld refinement and unit cell indexing was performed using version 4.2 of the TOPAS o C, and then cooled quickly to room temperature. These samples shall be referred to as TPD-115, TPD-150, TPD-160, TPD-195, TPD-275 and TPD-375, respectively. 25 The H 2 release and uptake for NaAlH 4 these samples, the potential release of H 2 S or other sulphanes is of concern due to their toxicity. Additionally, the formation and loss of H 2 S from the system would reduce the cyclic H 2 capacity. However, TPD-MS showed that only H 2 was released for all samples when adequately outgassed prior to measurement. 55 Insufficient degassing resulted in H 2 , H 2 O and H 2 S release below 100 o C due to the reaction between atmospheric moisture physisorbed on the sample cell and the sample. The multiple H 2 release events observed in Figure 2 are in contrast to the single decomposition step predicted by the thermodynamic software 60 HSC. 12 The discrepancy is not entirely unexpected, however, as the software can only predict reaction pathways including known phases, and does not include any kinetic considerations. XRD of the product after decomposition to 390 °C, Figure S1 , showed only the expected decomposition products of Na 2 S and 65 Al (see Reaction 5) . One possible explanation for detecting multiple desorption events is hindered kinetics in parts of the sample due to insufficient milling. 18 This could be a result of inadequate mixing of the starting reagents due to the large volume difference between them (NaAlH 4 = 77 vol.%, Al 2 S 3 = 23 70 vol.%). To explore this hypothesis further, several NaAlH 4 -Al 2 S 3 samples were synthesized with different milling times and BTP ratios. Decreasing the milling time to 3 h (BTP = 15:1), Figure S2 (a), again resulted in multiple H 2 release events. However, in this case, the temperatures and relative intensities of the desorption 75 events are distinctly different. This suggests that decomposition of the NaAlH 4 -Al 2 S 3 system involves competing kinetic and thermodynamic pathways. In other complex hydride systems, the kinetics are known to be controlled by bulk diffusion rates. 19, 20 However, in the NaAlH 4 -Al 2 S 3 system the change in diffusion 80 length is responsible for the improved kinetics as the bulk diffusion rates can only be changed by altering the chemical composition of the sample. after milling showed the presence of ~3.5 wt.% Al that was absent in samples milled for shorter durations. This result shows that prolonged energetic milling resulted in partial decomposition of the starting reagents. The remaining hydrogen desorption events were similar to the sample ball milled for 6 h and the cryo-90 milled sample, Figure S2 (d) . These results suggest that the multiple hydrogen desorption events observed are due to the formation and decomposition of intermediate phases that were not predicted in the initial thermodynamic calculations.
In-situ SR-XRD of NaAlH 4 -Al 2 S 3
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To gain further insight into the multiple decomposition pathways, in-situ synchrotron XRD was performed on NaAlH 4 -Al 2 S 3 during decomposition under vacuum at a heating rate of 5 o C/min (Figure 3(a) ). The decomposition pathway is complex, with multiple phase transformations (mirroring the TPD-MS results), and the formation of an array of as-yet unknown phases. At 132 o C reflections from NaAlH 4 and Al 2 S 3 begin to decrease in 5 intensity and three new compounds form: Al and two unidentified phases that we have designated  and  respectively. The -phase has only very low intensity peaks, begins to decompose at 
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o C and is associated with the formation of an XRD peak at 2 ~ 18.6 o (this peak is obscured by the intense NaAlH 4 peaks in Figure 3 (a) ). This peak corresponds to the high-temperature 15 cubic phase of NaHS that is stable above ~92 o C. 21 However, the quality of the data and the high degree of peak overlap with other phases makes this assignment tentative. The NaHS peak the low intensity of the peaks and the large number of overlapping peaks makes definitive determination difficult. As a comparison, in-situ SR-XRD was also performed on NaHAl 2 S 3 ( Figure S3 ). This reaction is predicted to be exothermic (H = -37. . NaHS identified by ex-situ XRD in trace levels and ex-situ FTIR cannot resolve the typical NaHS FTIR active modes at 2544, 1850 and ~450 cm Ex-situ XRD on TPD-160, Figure 4 (a)(iii), shows that the NaHS phase has disappeared, also shows a decrease in NaAlH 4 content to 4.1 wt.%, the appearance of Na 3 AlH 6 (1.5 wt.%), a decrease in 25 Al content to 14.2 wt.% and an increase in the -phase to 80.2 wt.%. The decomposition of NaHS between 150 and 160 o C is somewhat unexpected given that the melting point of NaHS is 350 o C. 24 The ex-situ FTIR, Figure 4 (b)(iii) is similar to the previous pattern but with a slight enhancement of the shoulder at . FTIR performed on pure Na 2 S (Figure S4 (d) ) 65 revealed that only the band at 1440 cm -1 can unambiguously be attributed to Na 2 S. As a result, the other bands present after decomposition cannot be ruled out as being due to minor impurity phases such as oxides. Based on TPD-MS and the ex-situ XRD and FTIR measurements, . In-situ SR-XRD and ex-situ XRD also provide some interesting insights into the role of NaHS in the 75 system. There are some discrepancies in the decomposition observed via in-situ SR-XRD compared to ex-situ XRD. The primary differences are that the formation of the  -phase and the formation of Na 3 AlH 6 occur ~30-40 o C lower in temperature in the ex-situ XRD measurements compared to in-situ SR-XRD. 80 This difference can readily be explained by the difference in heating rate used in the ex-situ XRD measurements (1 o C/min) and the in-situ SR-XRD measurements (5 o C/min). However, the narrow temperature range for the formation and decomposition of NaHS is near identical for both sets of measurements. Combined 85 with the fact that NaHS disappears well below its melting point suggests that it is undergoing decomposition via a chemical reaction with a very low activation energy and rapid kinetics. However, further experimental work is needed to verify this. o C on NaAlH4-Al2S3 milled for 6 h. 15 to be dependent on the milling method, the applied hydrogen pressure and cycle number. Under an applied hydrogen pressure of 123 -126 bar, NaAlH 4 -Al 2 S 3 cryomilled for 30 minutes or ball-milled for 6 h both absorbed comparable amounts of hydrogen but at different rates. NaAlH 4 -Al 2 S 3 cryomilled for 30 20 minutes absorbed 1.25 wt.% of H 2 in 3 h and then slowly absorbed up to 1.36 wt.% over the next 48 h. In contrast, NaAlH 4 -Al 2 S 3 ball-milled for 6 h only reaches 1.05 wt.% of H 2 absorption after 6 h and reaches 1.25 wt.% after 24 h absorption. An increased H 2 pressure, 229 bar, resulted in both an increased 25 H 2 uptake and absorption rate. In this case, H 2 absorption reached 1.50 wt.% within 1 h and reached 1.65 wt.% in 6 h. This increased capacity suggests that the absorption measurements at lower pressure had either not reached completion due to kinetic restrictions or that a second absorption step (requiring higher 30 pressure) occurred between 1.36 wt.% and 1.65 wt.% of H 2 . In order to assess these possibilities, absorption was subsequently performed, on the same sample, at 300 o C where the kinetics should be improved. o C was required to initiate absorption). The system reaches absorption equilibrium in 3 -4 minutes when the applied H 2 pressure is greater than 259 bar at 300 o C and suggests that insufficient H 2 pressure is the limiting factor to promote hydrogenation rather than kinetics. To test this theory, 50 experiments need to be performed under higher pressure at 300 o C or the kinetics need to be improved at lower temperatures. Hydrogen desorption at 300 o C was performed against a hydrogen back pressure between 63 and 76 bar, Figure S5 . In all cases, desorption is exceedingly fast with hydrogen release 
Hydriding Properties of NaAlH
Conclusions
The addition of Al 2 S 3 acts to effectively thermodynamically destabilize sodium aluminium hydride. The decomposition occurs 70 via complex reaction pathways with numerous, as-yet, unknown intermediate phases.
Hydrogen desorption is kinetically limited at low temperature but hydrogen can be released at temperatures lower than 100 °C for NaAlH 4 -Al 2 S 3 . Hydrogen absorption requires high temperatures 75 (200 o C -300 o C) and, consequently, high pressures to overcome slow absorption kinetics. A stable reversible hydrogen capacity of 1.65 wt% was measured at 300 o C. The potential for higher hydrogen absorption requires either improving the kinetics at lower temperatures so that lower pressures can be used or higher 80 hydrogen pressure at 300 o C. The multitude of unknown phases that exist in this system warrants isolation and further investigation. These phases may be viable as hydrogen storage materials in their own right or as components in reactive hydride composites. The use of sulphur-85 containing compounds as thermodynamic destabilizing agents is a novel method for hydrogen storage that now opens up a research avenue to study a range of other complex hydride systems with sulphur-based destabilization agents. 
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